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INTRODUCTION
Mineral trioxide aggregate (MTA) is a commercial 
Portland cement-based dental restorative which has 
EHHQ XVHG DV D URRWÀOOLQJ PDWHULDO VLQFH  ,W LV 
VXSSOLHG DV ÀYH  JUDP VDFKHWV RI SRZGHU ZLWK
DFFRPSDQ\LQJJUDPDPSRXOHVRIVWHULOHZDWHUZKLFK
DUHPL[HGPDQXDOO\7KHSULQFLSDOFRPSRQHQWRI¶WRRWK
colored ProRoot MTA (Tulsa Dental Products, USA) is 
white Portland cement (WPC) to which is added 20 wt% 
bismuth oxide (Bi2O) to enhance radiopacity
7KH PDLQ FRPSRQHQWV RI :3& DUH WKH LPSXUH
SKDVHV¶DOLWH·&DSiO¶EHOLWH·ȕ-Ca2SiO4¶DOXPLQDWH·
(CaAl2O6 DQG ¶IHUULWH· &D2(Al/Fe)O) 8S WR  RI
gypsum (CaSO4+2O) is also ground into the cement 
WR UHJXODWH WKH VHWWLQJ RI WKH DOXPLQDWH SKDVH :KHQ
PL[HGZLWKZDWHUDOLWHDQGEHOLWHUHDFWWRIRUPDSRRUO\
FU\VWDOOLQH FDOFLXP VLOLFDWH K\GUDWH &6+ JHO SKDVH
RIDSSUR[LPDWHIRUPXOD&DSi2O7+2O, and portlandite 
&D2+2$OLWHDQGEHOLWHFRPSULVHLVRODWHG40 silicate 
tetrahedra which become hydrated and condense to 
IRUP 4 GLPHUV 2QJRLQJ FRQGHQVDWLRQ UHDFWLRQV JLYH
ULVHWRVKRUWVLOLFDWHFKDLQVZLWK4HQGJURXSV42 mid-
FKDLQWHWUDKHGUDDQG42$OPLGFKDLQVLOLFDWHVSHFLHV
which are linked to one silicate tetrahedron and one 
substituted aluminate tetrahedron4)
7KH LQLWLDO UHDFWLRQV RI WKH DOXPLQDWH DQG IHUULWH
phases with gypsum and water yield ettringite (aka 
¶$)W·&D2$O2O62+2O) and its Fe-substituted 
FRXQWHUSDUW 7KH HWWULQJLWH VXEVHTXHQWO\ FRQYHUWV WR
¶PRQRVXOSKDWH· DND ¶$)P· &D2$O2O62+2O) 
and water which are thermodynamically more stable
7KH VHWWLQJ UHDFWLRQV RI 3UR5RRW 07$ KDYH EHHQ
LQYHVWLJDWHGXVLQJDUDQJHRILQVWUXPHQWDOWHFKQLTXHV
LQFOXGLQJ SRZGHU ;UD\ GLIIUDFWLRQ ;5' 5DPDQ DQG
LQIUDUHG VSHFWURVFRSLHV VFDQQLQJ HOHFWURQ PLFURVFRS\
and energy dispersive X-ray analysis 'HVSLWH 
\HDUVRIFOLQLFDODSSOLFDWLRQVRPHIXQGDPHQWDODVSHFWV
RIWKHK\GUDWLRQFKHPLVWU\RI3UR5RRW07$DUHQRWZHOO
XQGHUVWRRG,QSDUWLFXODUWKH LPSDFWRIELVPXWKR[LGH
RQ WKH K\GUDWLRQ UHDFWLRQV RI WKH FHPHQW UHPDLQV D
PDWWHURIGLVSXWH&DPLOOHULUHSRUWVWKDWELVPXWKR[LGH
DOWHUV WKH K\GUDWLRQ PHFKDQLVP RI :3& LQ 3UR5RRW
MTA and that bismuth is chemically incorporated into 
WKH&6+JHOSKDVH7)&RQYHUVHO\WKLVFODLPLVUHIXWHG
by Darvell and Wu on the basis that bismuth oxide is 
highly insoluble and has no known reactions under the 
alkaline conditions encountered during Portland cement 
hydration2) $GGLWLRQDOO\ D UHFHQW VWXG\ RI D PRGHO
experimental cement comprising 80 wt% WPC and 20 
wt% bismuth oxide using XRD and magic angle spinning 
nuclear magnetic resonance spectroscopy (MAS NMR) 
indicates that bismuth oxide is unlikely to participate 
LQWKHFHPHQWK\GUDWLRQSURFHVVRI07$4)
8QGHUVWDQGLQJ WKH IDWH RI ELVPXWK R[LGH LQ 07$
IRUPXODWLRQV LV RI NH\ LPSRUWDQFH DV WKH SRWHQWLDO
VXEVWLWXWLRQ RI ELVPXWK IRU VLOLFRQ LQ WKH &6+ JHO
SKDVH ZRXOG LQÁXHQFH WKH FKHPLFDO VWDELOLW\ SK\VLFDO
GXUDELOLW\DQGDOVR WKH F\WRWR[LFLW\RI WKHPDWHULDO ,Q
WKLVUHVSHFWWKHSULQFLSDOREMHFWLYHRIWKLVVWXG\ZDVWR
PRQLWRUWKHLQLWLDOK\GUDWLRQFKHPLVWU\RI3UR5RRW07$
E\;5')RXULHUWUDQVIRUPLQIUDUHGVSHFWURVFRS\)7,5
solid state Si and 27Al MAS NMR and isothermal 
FRQGXFWLRQ FDORULPHWU\ 7KH H[WHQW RI K\GUDWLRQ ZDV
DOVRGHWHUPLQHGTXDQWLWDWLYHO\E\6L0$6105DIWHU
DQGK
MATERIALS AND METHODS
Preparation of materials 
White ProRoot MTA (Dentsply, Tulsa, OK, USA, lot 
 H[SLU\ GDWH 2FWREHU  VDPSOHV ZHUH
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SUHSDUHG DFFRUGLQJ WR WKH PDQXIDFWXUHU·V LQVWUXFWLRQV
by mixing the supplied powder and sterile water on a 
JOD]HGFHUDPLFVODEIRUV7KHUHVXOWLQJSDVWHVZHUH
hermetically sealed in polypropylene containers and 
FXUHGDW&IRUHLWKHURUK(DFKVDPSOH
type (viz07$07$07$DQG07$ZDV
SUHSDUHGLQWULSOLFDWH3ULRUWRDQDO\VLVE\;5'Si and 
27$O0$6105DQG)7,5WKHK\GUDWLRQUHDFWLRQVZHUH
TXHQFKHG E\ VROYHQW H[FKDQJH ZLWK SURSDQRO 7KLV
ZDV DFKLHYHG E\ LPPHUVLRQ RI  PP IUDJPHQWV RI WKH
SDVWHV LQ IRXU FRQVHFXWLYH FPZDVKLQJVRISURSDQ
ROLQDVRQLFEDWKIRUPLQ7KHVDPSOHVZHUHWKHQ
GULHGWRFRQVWDQWPDVVLQDYDFXXPGHVLFFDWRU
XRD analysis
3RZGHU;5'ZDVSHUIRUPHGRQWKHDQK\GURXV3UR5RRW
07$ SRZGHU ODEHOOHG ¶07$· DQG RQ DOO K\GUDWHG
VSHFLPHQV XVLQJ D %UXNHU ' GLIIUDFWRPHWHU ZLWK &X
KĮ cDVWHSVL]HRILQWKHșUDQJHIURP
 WRDQGDPHDVXULQJ WLPHRI VSHU VWHS;UD\
GLIIUDFWLRQGDWDZHUHFRPSDUHGZLWK-&3'6ÀOHVXVLQJ
',))5$&(9$VRIWZDUHVXSSOLHGE\%UXNHU
FTIR
)7,5 VSHFWUD ZHUH REWDLQHG IRU ELVPXWK R[LGH ex 
Sigma-Aldrich, UK), anhydrous ProRoot MTA powder 
DQG DOO K\GUDWHG VSHFLPHQV XVLQJ D 3HUNLQ (OPHU
3DUDJRQ VSHFWURPHWHU 6SHFWUD ZHUH REWDLQHG LQ
WUDQVPLVVLRQPRGHIURPSUHVVHG.%UGLVFVEHWZHHQ
and 4,000 cmíZDYHQXPEHUV
MAS NMR
0$6105VSHFWUDRIDQK\GURXV3UR5RRW07$SRZGHU
DQG DOO K\GUDWHG VDPSOHV ZHUH UHFRUGHG RQ D -(2/ 
-10(&;  0+] VSHFWURPHWHU 27Al spectra were 
FROOHFWHGZLWKDSXOVHGHOD\RIVDQDFTXLVLWLRQWLPH
RIVDQGVFDQV+Si cross polarization 
(CP) MAS NMR spectra were obtained with a contact 
WLPHRIíVDSXOVHGHOD\RIVDQDFTXLVLWLRQWLPH
RI  V DQG  VFDQV 6LQJOH SXOVH Si MAS 
105VSHFWUDZHUHREWDLQHGZLWKDSXOVHGHOD\RI V
DQDFTXLVLWLRQWLPHRIVDQGVFDQV$OO
VSHFWUDZHUHFROOHFWHGZLWKDVSLQUDWHRIN+]Si and 
27$OFKHPLFDOVKLIWVZHUHUHIHUHQFHGWRWHWUDPHWK\OVLODQH
DQGWKHDOXPLQLXPKH[DTXRLRQUHVSHFWLYHO\7KHUDZ
GDWD ZHUH SURFHVVHG E\ 'HOWD VRIWZDUH SURYLGHG E\
-(2/WRREWDLQVSHFWUDZKLFKZHUHWKHQDQDO\]HGDQG
GHFRQYROXWHGXVLQJ,JRU3URVRIWZDUH
Deconvolution and quantitative analysis of 29Si MAS 
NMR spectra
The 6L0$6105VSHFWUXPRIHDFKK\GUDWHGFHPHQW
ZDVDQDO\]HGE\DPHWKRGUHSRUWHGE\/RYHet al in 
ZKLFKWKHVLJQDOIURPWKHXQUHDFWHGDOLWHWKDWREVFXUHV
WKH UHVRQDQFHV RI WKH HDUO\ 4 hydration products is 
VXEWUDFWHG IURP WKH VSHFWUXP SULRU WR GHFRQYROXWLRQ
,Q WKH FDVH RI HDFK K\GUDWHG FHPHQW SDVWH VDPSOH
WKH LQWHQVLW\ RI WKH 6L 0$6 105 VSHFWUXP RI WKH
DQK\GURXV:3&ZDVDGMXVWHG VXFK WKDW WKH40 signal 
RI DOLWH ZDV RI HTXDO LQWHQVLW\ WR WKDW RI WKH VDPSOH
This WPC background spectrum was then subtracted 
IURP WKDW RI WKH VDPSOH SDVWH SULRU WR GHFRQYROXWLRQ
XVLQJ LWHUDWLYH ÀWWLQJ RI WKH 6L UHVRQDQFHV WR 9RLJW 
OLQHVKDSHV,WVKRXOGEHQRWHGWKDWWKHVKDUSVLJQDOIURP
belite at í72 ppm persists in the subtracted spectrum, 
DV WKH K\GUDWLRQ RI EHOLWH LV FRQVLGHUDEO\ VORZHU WKDQ
WKDWRIDOLWH7KHUHODWLYHDEXQGDQFHRIWKHYDULRXV4n 
VSHFLHV DQG GHJUHH RI K\GUDWLRQ ZHUH WKHQ FDOFXODWHG
IURPWKHVXEWUDFWHGDQGGHFRQYROXWHGVSHFWUD
Isothermal conduction calorimetry
7KH UDWH RI KHDW HYROXWLRQ GXULQJ WKH K\GUDWLRQ RI
ProRoot MTA was monitored by isothermal conduction 
calorimetry using a Thermometric 2277 TAM 
FDORULPHWHUDW&7KHDQDO\VLVZDVFDUULHGRXW LQ
GXSOLFDWHDQGLQHDFKFDVHaJRIDFFXUDWHO\ZHLJKHG
paste was placed in the calorimeter immediately 
DIWHU PL[LQJ 3RZHU i.e UDWH RI KHDW HYROXWLRQ GDWD
ZHUH FROOHFWHG HYHU\ VHFRQG IRU  K 7KH UDWH RI KHDW 
HYROXWLRQSHUXQLWNLORJUDPRI3UR5RRW07$ZDVWKHQ
calculated by dividing the power data by the original 
PDVVRIWKHVDPSOH
RESULTS AND DISCUSSION
Powder XRD analysis
4XDOLWDWLYH SRZGHU ;5' GDWD ZHUH FROOHFWHG IRU
DQK\GURXV3UR5RRW07$DQGIRUDOOK\GUDWHGVSHFLPHQV
WR FRQÀUP WKH LQLWLDO FRPSRVLWLRQ RI WKH PDWHULDO DQG
to determine whether any bismuth-bearing product 
SKDVHVKDGIRUPHGGXULQJWKHK\GUDWLRQUHDFWLRQV)LJ
;5'DQDO\VLVLQGLFDWHVWKDWWKHSULQFLSDOFRQVWLWXHQW
SKDVHV RI DQK\GURXV 3UR5RRW 07$ DUH ELVPXWK R[LGH
(Bi2O), alite (CaSiO), belite (ȕ-Ca2SiO4) and tricalcium 
aluminate (CaAl2O67UDFHTXDQWLWLHVRIKHPLK\GUDWH
(CaSO4+2O) and anhydrite (CaSO4) are also 
SUHVHQW $FFRUGLQJ WR LWV 0DWHULDO 'DWD 6DIHW\ 6KHHW
3UR5RRW 07$ FRPSULVHV  3RUWODQG FHPHQW 
ELVPXWKR[LGHDQGJ\SVXP'XULQJ3RUWODQGFHPHQW
PDQXIDFWXUH WKH KHDW JHQHUDWHG GXULQJ WKH JULQGLQJ
process commonly dehydrates gypsum to hemihydrate 
DQGDQK\GULWHZKLFKDFFRXQWVIRUWKHSUHVHQFHRIWKHVH
SKDVHVDQGDEVHQFHRIJ\SVXPLQWKLVPDWHULDO
$V K\GUDWLRQ SURFHHGV WKH UHÁHFWLRQV IRU DOLWH
GLPLQLVKUDSLGO\DVWKLVSKDVHUHDFWVWRIRUP&6+JHO
DQG SRUWODQGLWH 7KH FRQFRPLWDQW GHYHORSPHQW RI WKH
UHÁHFWLRQV RI SRUWODQGLWH LV FOHDUO\ REVHUYHG KRZHYHU
WKRVHRIWKH&6+JHODUHQRWDSSDUHQWDVWKLVSKDVHLV
YHU\SRRUO\FU\VWDOOLQH7KHUDSLGUHGXFWLRQRIWKHSHDNV
corresponding to the aluminate phase also indicates that 
this phase is readily consumed during the early stages 
RI K\GUDWLRQ 7KH UHÁHFWLRQV IRU ELVPXWK R[LGH SHUVLVW
throughout the 7 day hydration period, and no other 
ELVPXWKEHDULQJSKDVHVDUHGHWHFWHG
FTIR spectroscopy
)7,5 VSHFWUD RI ELVPXWK R[LGH DQK\GURXV 3UR5RRW
07$DQGWKHK\GUDWHGVSHFLPHQVDUHVKRZQ LQ)LJ
DQGWKHFRUUHVSRQGLQJ)7,5VSHFWUDH[SDQGHGLQWKH
to 2,000 cmíUHJLRQDUHVKRZQLQ)LJ7KHVSHFWUXP
Dent Mater J 2015; 34(4): 458465
)LJ 3RZGHU;UD\GLIIUDFWLRQGDWD IRU DQK\GURXVDQG
K\GUDWLQJ3UR5RRW07$
 Key: Ɣ CS; ż C26¹&A; Ŷ&+DQG Bi2O
)LJ )7,5VSHFWUDRI DELVPXWKR[LGH EDQK\GURXV
ProRoot MTA, (c) MTA-6, (d) MTA-24, (e) MTA-72, 
I07$
RIELVPXWKR[LGHFRQWDLQVWZRXQUHVROYHGEDQGVDW
DQGFPíZKLFKDULVHIURP%L2YLEUDWLRQVDZHDN
VLJQDOIURPDGVRUEHGZDWHUVWUHWFKLQJDWFPí and 
DWPRVSKHULF ZDWHU URWDWLRQV LQ WKH ² DQG
²FPíUHJLRQV)LJVDDQGD
7KH )7,5 VSHFWUXP RI 3UR5RRW 07$ )LJV E
DQG E REWDLQHG LQ WKLV VWXG\ LV VLPLODU WR WKRVH
reported by other researchers7KHFRPELQDWLRQEDQG
FHQWHUG DW  FPí DQG WKH VLJQDO DW  FPí are, 
respectively, assigned to Si-O stretching and bending 
PRGHV RI WKH VLOLFDWH WHWUDKHGUD RI DOLWH DQG EHOLWH
The sharp Si-O bending signal obscures the weaker 
EDQGVDULVLQJ IURPWKHELVPXWKR[LGH%L2YLEUDWLRQV 
6XOSKDWH VWUHWFKLQJ PRGHV IURP DQK\GULWH DQG
KHPLK\GUDWHJLYHULVHWRWKHVLJQDOVDWDQG
FPíDQGWKHEDQGDWFPí is attributed to 
FDUERQDWH VWUHWFKLQJ YLEUDWLRQV 7KH FDUERQDWH VLJQDO
indicates that calcium carbonate is present in ProRoot 
07$ 0LQRU SURSRUWLRQV RI FDOFLXP FDUERQDWH SKDVHV
FRPPRQO\ RFFXU LQ 3RUWODQG FHPHQWV DQG DUH IRUPHG
IURP WKH DWPRVSKHULF K\GUDWLRQ DQG FDUERQDWLRQ RI
UHVLGXDOIUHHOLPH&D2LQWKHPL[WXUH
$VK\GUDWLRQSURFHHGVWKHVKDUSVLJQDODWFPí 
DULVLQJ IURP 6L24 EHQGLQJ PRGHV RI DOLWH DQG EHOLWH
GLPLQLVKHVUDSLGO\DVWKHDOLWHSKDVHLVFRQVXPHG)LJV
F²I DQGF²I7KHSURJUHVVLYH FRQGHQVDWLRQ RI WKH
K\GUDWLQJ VLOLFDWH FKDLQV RI WKH &6+ JHO SKDVH LV 
GHQRWHG E\ WKH VKLIW LQ WKH VLJQDO PD[LPXP RI WKH
6L2VWUHWFKLQJFRPELQDWLRQEDQGIURPWRFPí 
GXULQJWKHGD\K\GUDWLRQSHULRG:LWKLQWKHÀUVWK
RI K\GUDWLRQ WKH PXOWLSOH VXOSKDWH VWUHWFKLQJ VLJQDOV
RI KHPLK\GUDWH DQG DQK\GULWH DUH UHSODFHG E\ WKDW RI
VXOSKDWHLQHWWULQJLWHDWFPí)LJVFDQGF
%HQGLQJ DQG VWUHWFKLQJ PRGHV RI K\GURJHQERQGHG
K\GUR[\O JURXSV DQG RI VWUXFWXUDO DQG ERXQG ZDWHU
associated with the cement hydration products give rise 
WR EURDG EDQGV DW  DQG  FPí, respectively; 
DQGWKHVWUHWFKLQJPRGHVRI2+VSHFLHVLQSRUWODQGLWH
DUHDVVLJQHGWRWKHVKDUSVLJQDODWFPí&DOFLXP
FDUERQDWHIURPIXUWKHUDWPRVSKHULFFDUERQDWLRQGXULQJ
sample preparation is indicated by the development 
RI FDUERQDWH VWUHWFKLQJ DW  DQG  FPí and 
EHQGLQJ DW DQG  FPí 7KH )7,5 VSHFWUD RI WKH
hydrated ProRoot MTA pastes do not provide any 
HYLGHQFH RI WKH IRUPDWLRQ RI DQ\ DGGLWLRQDO ELVPXWK
EHDULQJSURGXFWSKDVHV
29Si MAS NMR spectroscopy
Si MAS NMR spectroscopy can be used to determine 
WKH FRRUGLQDWLRQ HQYLURQPHQW DQG WKH H[WHQW RI
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)LJ ([SDQGHG )7,5 VSHFWUD LQ WKH ² FPí 
UHJLRQIRUDELVPXWKR[LGHEDQK\GURXV3UR5RRW
07$F07$G07$H07$I07$

)LJ4 6L0$6105VSHFWUDRIDQK\GURXVDQGK\GUDWLQJ
3UR5RRW07$
SRO\PHUL]DWLRQ RI VLOLFDWH VSHFLHV LQ PLQHUDO SKDVHV
,VRODWHG40VLOLFDWHVSHFLHVKDYHDFKHPLFDOVKLIWUDQJH
RI í WR í SSP 4 species resonate between í78 
and íSSPDQG42 silicates give rise to signals in 
the range í84 to íSSP5HSODFHPHQWRIVLOLFRQ
IRUDOXPLQLXPLQDQHLJKERXULQJWHWUDKHGURQLQFUHDVHV
WKH FKHPLFDO VKLIW E\ DSSUR[LPDWHO\  SSP SHU $O
VXEVWLWXWLRQ
The 6L 0$6 105 VSHFWUD RI DQK\GURXV 3UR5RRW
07$ DQG WKH K\GUDWHG VDPSOHV DUH JLYHQ LQ )LJ
 7KH VSHFWUXP RI 3UR5RRW 07$ FORVHO\ UHVHPEOHV
WKRVH RI RWKHUZKLWH3RUWODQG FHPHQWV UHSRUWHG LQ WKH
literature: the sharp signal at íSSPDULVHVIURPD
VLQJOH40UHVRQDQFHRIEHOLWHDQGWKHEURDGXQGHUO\LQJ
signal between í DQG í SSP LV DVVLJQHG WR WKH 
YDULRXV 40 HQYLURQPHQWV RI DOLWH $V K\GUDWLRQ
progresses, signals corresponding to silicate species in 
WKH &6+ JHO DSSHDU DQG LQWHQVLI\ LQ WKH 4 DQG 42 
UHJLRQV RI WKH Si MAS NMR spectra at the expense 
RI WKH 40 DOLWH VLJQDO 7KH VSHFWUD RI WKH K\GUDWLQJ
3UR5RRW 07$ VDPSOHV DUH VLPLODU WR WKRVH RI RWKHU
hydrating white Portland cements, and do not provide 
any indication that bismuth has been incorporated into 
WKHVLOLFDWHV\VWHPRIWKH&6+JHOSKDVH
1H-29Si CP MAS NMR spectroscopy
+Si CP MAS NMR spectroscopy can be used to 
distinguish between anhydrous and hydrated silicate 
species in mineral phases, as anhydrous species do not 
appear in the spectrum 7KH FKHPLFDO VKLIW UDQJHV
IRU +Si CP MAS NMR spectroscopy are concurrent 
ZLWKWKRVHJLYHQLQWKHSUHYLRXVVHFWLRQIRUVLQJOHSXOVH
Si MAS NMR spectroscopy; however, the intensities 
RIWKHUHVRQDQFHVREWDLQHGXVLQJWKLVWHFKQLTXHDUHQRW
SURSRUWLRQDOWRWKHUHODWLYHDEXQGDQFHRIWKHYDULRXV4n 
VSHFLHVZLWKLQWKHVDPSOH
The +6L&30$6105VSHFWUDRIWKHK\GUDWLQJ
3UR5RRW 07$ VDPSOHV DUH SUHVHQWHG LQ )LJ  7KHVH
VSHFWUDZHUHFROOHFWHGWRGHWHUPLQHWKHFKHPLFDOVKLIWV
RIWKHHDUO\4 hydration products, as these signals are 
SDUWLDOO\ REVFXUHG E\ WKRVH RI DOLWH DQG EHOLWH LQ WKH
corresponding single pulse 6L0$6105VSHFWUD)LJ
:LWKLQKRIK\GUDWLRQ4 resonances are detected 
at íSSPDQGWKH4n signals are seen to spread into 
WKH42UHJLRQDQGLQWHQVLI\DVK\GUDWLRQFRQWLQXHV$IWHU
ZHHNRIK\GUDWLRQWKH+Si CP MAS NMR spectrum 
RI3UR5RRW07$FRPSULVHVSDUWLDOO\UHVROYHG4DQG42 
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)LJ +Si CP MAS NMR spectra hydrating ProRoot 
07$VDPSOHV
)LJ 6XEWUDFWHGÀWWHGDQGGHFRQYROXWHGSi MAS NMR 
VSHFWUDRIK\GUDWLQJ3UR5RRW07$VDPSOHV
resonances at í80 and íSSPUHVSHFWLYHO\
Deconvolution and analysis of 29Si MAS NMR spectra
The subtracted, deconvoluted and calculated Si MAS 
105 VSHFWUD RI WKH K\GUDWHG 3UR5RRW 07$ VDPSOHV
DUH VKRZQ LQ )LJ  WRJHWKHU ZLWK WKH UHVLGXHV i.e. 
WKH GLIIHUHQFHV EHWZHHQ WKH VXEWUDFWHG DQG FDOFXODWHG
spectra) which are plotted above the corresponding 
VSHFWUD7KHVPDOOUHVLGXHVFRQÀUPWKHYDOLGLW\RIWKLV
PHWKRG IRU WKH GHFRQYROXWLRQ DQG DQDO\VLV RI WKHVH
GDWD,QDGGLWLRQWRWKHUHVRQDQFHVIURPWKHK\GUDWLRQ
products, each subtracted spectrum contains a proportion 
RIWKHUHVLGXDO40VLJQDOIURPEHOLWHDWíSSP
7KHUHODWLYHDEXQGDQFHRI4nVSHFLHVDQGGHJUHHRI
K\GUDWLRQ RI WKH K\GUDWHG FHPHQWV DUH OLVWHG LQ 7DEOH
 7KH REVHUYHG LQFUHDVH LQ GHJUHH RI K\GUDWLRQ DV D
IXQFWLRQRIWLPHIRU3UR5RRW07$LVFRPSDUDEOHWRWKDW
UHSRUWHGIRUZKLWH3RUWODQGFHPHQWFXUHGXQGHUVLPLODU
conditions, with both systems achieving approximately 
K\GUDWLRQZLWKLQWKHÀUVWZHHN
27Al MAS NMR spectroscopy
27Al MAS NMR spectroscopy can be used to examine 
WKH FRRUGLQDWLRQ HQYLURQPHQWV RI DOXPLQLXP SKDVHV
in cements, zeolites, clays, glasses and ceramics
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)LJ7 27Al MAS NMR spectra anhydrous and hydrating 
3UR5RRW07$VDPSOHV
7DEOH 5HODWLYHDEXQGDQFHRI4nVSHFLHVDQGGHJUHHRIK\GUDWLRQRI07$SDVWHV
Sample 40 (%) 4 (%) 42(Al) (%) 42 (%) 'HJUHHRIK\GUDWLRQ
MTA-6   0  
MTA-24     40
MTA-72     
07$     
Tetrahedral aluminium resonates within the 
DSSUR[LPDWH FKHPLFDO VKLIW UDQJH RI  WR  SSP
ÀYHFRRUGLQDWH DOXPLQLXP UHVRQDWHV EHWZHHQ  DQG
 SSP DQG RFWDKHGUDO DOXPLQLXP HQYLURQPHQWV
give rise to signals in the 20 to íSSPUHJLRQRI WKH
spectrum'HVSLWHLWVDELOLW\WRGLVFULPLQDWHEHWZHHQ
FRRUGLQDWLRQ HQYLURQPHQWV WKLV WHFKQLTXH LV OLPLWHG
WR SURYLGLQJ VHPLTXDQWLWDWLYH LQIRUPDWLRQ DV VLJQDO
LQWHQVLWLHVDULVLQJIURPHDFKDOXPLQLXPVSHFLHVDUHQRW
LQGLUHFWSURSRUWLRQWRWKHLUUHODWLYHFRQFHQWUDWLRQV
The 27$O0$6105VSHFWUXPRIDQK\GURXV3UR5RRW
07$ )LJ  FRPSULVHV D EURDG VLJQDO DW ca  SSP
ZKLFKDULVHVIURPWHWUDKHGUDOO\FRRUGLQDWHGDOXPLQLXP
species substituted into the alite and belite phases, and 
D OHVV LQWHQVH RFWDKHGUDO UHVRQDQFH DW  SSP ZKLFK
is not common to anhydrous Portland cements2Q
DFFRXQW RI WKH SUHVHQFH RI WKLV RFWDKHGUDO VLJQDO 27Al 
0$6105VSHFWUDZHUH FROOHFWHG IRU WKUHHDQK\GURXV
3UR5RRW07$VDPSOHVIURPVHSDUDWHVDFKHWVSDFNDJHG
LQ GLIIHUHQW ER[HV ZLWK WKH VDPH ORW QXPEHU 7KH
RFWDKHGUDOUHVRQDQFHDSSHDUHGLQDOORIWKHVSHFWUDDQG
is tentatively assigned to the monosulphate AFm phase20) 
which would indicate that the material has been exposed 
WRPRLVWXUHSULRUWRSDFNLQJDQGGLVWULEXWLRQ7KLVPD\
be a concern, as partial premature hydration can impact 
XSRQWKHXOWLPDWHVWUHQJWKDQGPHFKDQLFDOLQWHJULW\RI
D 3RUWODQG FHPHQWEDVHG PDWHULDO ,W VKRXOG EH QRWHG
WKDWUHVRQDQFHVIURPDOXPLQLXPLQWKHDOXPLQDWHDQG
IHUULWHSKDVHVGRQRWDSSHDULQWKHVSHFWUXPRI3RUWODQG
FHPHQWVGXHWRH[WHQVLYHOLQHEURDGHQLQJ
:LWKLQWKHÀUVWKRIK\GUDWLRQWKHLQWHQVLW\RIWKH
DOXPLQLXPUHVRQDQFHDWSSPLVQRWDEO\UHGXFHGDQG
WKHVLJQDOLVEURDGHQHG7KHGHYHORSPHQWRIDVLJQDODW
SSPZLWKDQXQUHVROYHGGRZQÀHOGVKRXOGHUDWa
SSP DUH UHVSHFWLYHO\ LQGLFDWLYH RI WKH IRUPDWLRQ RI
PRQRVXOSKDWH DQG HWWULQJLWH $V K\GUDWLRQ SURFHHGV
the ettringite and monosulphate signals become 
EHWWHU UHVROYHG DQG DQ XSÀHOG VKRXOGHU DSSHDUV DW
a SSP ZKLFK LV DWWULEXWHG WR WKH SUHVHQFH RI D WKLUG
poorly crystalline calcium aluminate hydrate phase or 
aluminium hydroxide gel 7KH XSÀHOG VKLIW RI WKH
WHWUDKHGUDO DOXPLQLXP VLJQDO WR  SSP GXULQJ WKH
ÀUVWZHHNRIK\GUDWLRQLVDWWULEXWHGWRWKHSURJUHVVLYH
LQFRUSRUDWLRQ RI DOXPLQLXP LQWR WKH VLOLFDWH FKDLQ
VWUXFWXUHRIWKH&6+JHOSKDVH
'HVSLWH WKH H[LVWHQFH RI WKH XQXVXDO RFWDKHGUDO
VLJQDO LQ WKHVSHFWUXPRI3UR5RRW07$ WKH 27Al MAS 
105 GDWD FROOHFWHG IRU WKH K\GUDWLQJ VDPSOHV FORVHO\
UHVHPEOHVWKRVHUHSRUWHGIRU:3&FXUHGXQGHUVLPLODU
conditions)URPWKLVWHFKQLTXHWKHUHLVQRHYLGHQFH
WR VXJJHVW WKDW WKH SUHVHQFH RI ELVPXWK R[LGH KDV 
LQÁXHQFHG WKH FDOFLXP VXOSKRDOXPLQDWH K\GUDWLRQ
FKHPLVWU\RIWKH:3&SKDVHVRI3UR5RRW07$
Isothermal conduction calorimetry
7KH UDWH RI KHDW HYROXWLRQ SHU NLORJUDP RI 3UR5RRW
07$ LV SORWWHG LQ )LJ  ,Q WKLV WKHUPRJUDP WKH
LQLWLDOUDSLGKHDWHYROXWLRQDULVLQJSULQFLSDOO\IURPWKH 
ZHWWLQJ SURFHVV K\GUDWLRQ RI IUHH OLPH DQG WKH
SUHFLSLWDWLRQRIHDUO\K\GUDWHVZKLFKWDNHVSODFHZLWKLQ
WKH ÀUVW IHZ PLQ RI PL[LQJ LV QRW FDOLEUDWHG DV WKH
FDORULPHWHUUHTXLUHVPLQWRHTXLOLEUDWH
7KHJHQHUDOWKHUPDOSURÀOHRI3UR5RRW07$GXULQJ
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)LJ 7KHUDWHRIKHDWHYROXWLRQRI3UR5RRW07$GXULQJ
K\GUDWLRQDW&
WKHÀUVWGD\VRIK\GUDWLRQFRPSDUHVZHOOZLWKWKRVHRI
Portland cements published in the literature$IWHU
WKH LQLWLDO H[RWKHUP D GRUPDQW RU ¶LQGXFWLRQ· SHULRG
HQVXHV IRU DSSUR[LPDWHO\  K GXULQJ ZKLFK WLPH WKH
K\GUDWLRQUHDFWLRQVDUHOLPLWHGE\WKHSUHFLSLWDWLRQRID
SURWHFWLYHOD\HURIHDUO\K\GUDWLRQSURGXFWVZKLFKFRDWV
WKHFHPHQWJUDLQV7KHVXEVHTXHQW¶DFFHOHUDWRU\SHULRG·
is characterized by rapid hydration which is essentially 
GHWHUPLQHG E\ WKH UDWH RI IRUPDWLRQ RI WKH &6+ JHO
product phase 'XULQJ WKLV SHULRG WKH GLVWLQFW
H[RWKHUPLFSHDNRIPD[LPXPLQWHQVLW\:NJíDW
KLVDWWULEXWHGWRUHQHZHGHWWULQJLWHIRUPDWLRQ, and the 
deceleratory stage marks a decline in hydration rate 
DV WKH UHDFWLRQV EHFRPH GLIIXVLRQFRQWUROOHG 7KH WRWDO 
KHDWRIK\GUDWLRQRI3UR5RRW07$DIWHUKLVN-
kgí ZKLFKLVREWDLQHGIURPWKHDUHDXQGHUWKHSRZHU
FXUYH DQG WKH UDWH RI KHDW HYROXWLRQ DW WKLV SRLQW LV
:NJí
The hydration chemistry of ProRoot MTA
6LQFHLWVLQWURGXFWLRQLQ07$KDVEHFRPHZLGHO\
DFFHSWHG DV D URRWÀOOLQJ PDWHULDO RZLQJ WR LWV VHDOLQJ
capacity, intrinsic antimicrobial properties and its 
DELOLW\WRVWLPXODWHWKHUHJHQHUDWLRQRIERQHDQGGHQWLQ2)
)URP D FOLQLFDO SRLQW RI YLHZ WKH KDQGLQJ SURSHUWLHV
RI 07$ DUH QRW LGHDO &OLQLFLDQV UHSRUW WKDW WKH 07$
SDVWH LV ¶JUDLQ\· RI ¶SRRU FRQVLVWHQF\· DQG GLIÀFXOW WR 
compact24)7KHUHSRUWHGVHWWLQJWLPHVRIXSWRKDUHDOVR
relatively long and so it is suggested that improvements 
LQWKHVHSURSHUWLHVZRXOGEHKLJKO\GHVLUDEOH,QRUGHU
WR PRGLI\ DQG GHYHORS WKLV JHQHUDWLRQ RI 3RUWODQG
FHPHQWEDVHG GHQWDO PDWHULDOV LW LV QHFHVVDU\ WR ÀUVW
XQGHUVWDQGWKHLUK\GUDWLRQFKHPLVWU\
7KH UHVHDUFK FDUULHG RXW LQ WKLV VWXG\ FRQÀUPV
that bismuth oxide is an inert additive within the 
ProRoot MTA mixture which does not participate in 
WKH K\GUDWLRQ UHDFWLRQV RI WKH ZKLWH 3RUWODQG FHPHQW
Si and 27Al MAS NMR spectroscopy has shown that 
the initial hydration chemistry is characterized by the 
FRPSDUDWLYHO\UDSLGUHDFWLRQRIDOLWHWRIRUP&6+JHO
DQGWKHGHYHORSPHQWRIWKH$)WDQG$)PSKDVHVDUHDV
ZRXOGEHH[SHFWHGIRUWKHK\GUDWLRQRISXUH:3&FXUHG
under similar conditions 7KH WKHUPDO SURÀOH RI WKH
K\GUDWLQJ 3UR5RRW 07$ DOVR FRQÀUPV WKH DQWLFLSDWHG
VWDJHV RI 3RUWODQG FHPHQW K\GUDWLRQ ZKLFK LQFOXGH 
rapid initial reaction, induction, acceleratory and 
GHFHOHUDWRU\SHULRGVIROORZHGE\FRQWLQXHGGLPLQLVKLQJ
GLIIXVLRQFRQWUROOHGUHDFWLRQV22)
The reaction mechanisms that bring about the 
VHWWLQJ RI 07$ FRQVLVW RI D VHULHV RI RYHUODSSLQJ 
chemical reactions between the cement constituents and 
WKH DGGHG ZDWHU 7KH YDULRXV FHPHQW SKDVHV K\GUDWH
DW GLIIHULQJ UDWHV ZLWK DOLWH DQG DOXPLQDWH UHDFWLQJ
FRQVLGHUDEO\PRUHUDSLGO\WKDQEHOLWHDQGIHUULWH
'XULQJWKHÀUVWIHZPLQXWHVDIWHUWKHDGGLWLRQRIWKH
mix water to the MTA cement powder, a large exotherm 
DFFRPSDQLHV WKH UDSLG GLVVROXWLRQ RI VXOSKDWH DQG
DOXPLQDWHSKDVHVDQGWKHLQLWLDOIRUPDWLRQRIHWWULQJLWH
$IWHUWKHÀUVWPLQWKHLQGXFWLRQSHULRGFRPPHQFHV
DQG WKH UDWH RI KHDW HYROXWLRQ GHFUHDVHV 'XULQJ WKLV
VWDJHZKLFKFRQWLQXHVIRUDIXUWKHUKWKHVORZLQLWLDO
K\GUDWLRQ RI DOLWH WR IRUP &6+ JHO DQG SRUWODQGLWH
WDNHVSODFH
$W WKH RQVHW RI WKH DFFHOHUDWRU\ SKDVH a K DIWHU
PL[LQJWKHGHJUHHRIFHPHQWK\GUDWLRQLVDSSUR[LPDWHO\
 DQG WKH &6+ JHO SULQFLSDOO\ FRPSULVHV YHU\
SRRUO\FU\VWDOOLQHGLPHULFDQGWULPHULFVLOLFDWHVSHFLHV
7KHDFFHOHUDWRU\SKDVH LVFKDUDFWHUL]HGE\WKH IXUWKHU
UDSLG IRUPDWLRQ RI &6+ JHO SRUWODQGLWH HWWULQJLWH
DQG PRQRVXOSKDWH 'XULQJ WKLV VWDJH WKH GHJUHH RI
SRO\PHUL]DWLRQ RI WKH &6+ JHO LQFUHDVHV DQG WKH
FHPHQWVHWVWRIRUPDULJLGPDWUL[
The deceleratory period, during which the hydration 
UHDFWLRQVEHFRPHGLIIXVLRQFRQWUROOHGEHJLQVKDIWHU
mixing, and corresponds with a marked decrease in 
WKH UDWH RI KHDW HYROXWLRQ :LWKLQ WKH ÀUVW  K WKH
hydration process is essentially 40% complete, and 
IURP WKLV SRLQW RQZDUGV WKH NLQHWLFV RI WKH K\GUDWLRQ
reactions will continue to decrease steadily as the initial 
FHPHQW SKDVHV DUH FRQVXPHG DQG WKH SRURVLW\ RI WKH
PDWUL[GHFUHDVHV
$WKDIWHUPL[LQJ WKH FHPHQW LVK\GUDWHG
DQG D SURSRUWLRQ RI WKH HWWULQJLWH EHJLQV WR FRQYHUW WR
PRQRVXOSKDWH %\ WKLV WLPH WKH K\GUDWLRQ UHDFWLRQV
have slowed to such an extent that hydration only 
LQFUHDVHVE\DIXUWKHUZLWKLQWKHZHHNGXULQJZKLFK
WLPHHWWULQJLWH FRQYHUVLRQ WRPRQRVXOSKDWH FRQWLQXHV
$VLJQLÀFDQWSURSRUWLRQRI WKHEHOLWHSKDVHSHUVLVWVDW
WKLVSRLQWZKLFKZLOOFRQWLQXHWRUHDFWVORZO\IRUPDQ\
PRQWKV
7KHUH LV QR HYLGHQFH IURP 0$6 105 DQG )7,5
spectroscopies, XRD analysis or induction calorimetry to 
LQGLFDWH WKDW WKHELVPXWKR[LGH FRPSRQHQWRI3UR5RRW
07$ GLYHUWV WKH QRUPDO K\GUDWLRQ SURFHVVHV RI WKH
:3& SKDVHV 7KLV ÀQGLQJ GLUHFWO\ FRQWUDGLFWV WKDW RI
Camilleri7)ZKRUHSRUWVWKDWWKHK\GUDWLRQFKHPLVWU\RI
:3&GLIIHUVLQWKHSUHVHQFHRIELVPXWKR[LGH
,WKDVEHHQ VXJJHVWHG WKDW WKHSRWHQWLDO LQHUWQHVV
RI ELVPXWK R[LGH LV UHVSRQVLEOH IRU DQ XQGHVLUDEOH
decrease in the mechanical strength and durability 
RI WKH UHVXOWLQJ FHPHQW PDWUL[ $OWHUQDWLYH 
UDGLRSDFLÀHUV YDULRXV LQRUJDQLF VDOWV DQG JHODWLQRXV
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vehicles have been proposed to improve durability, 
accelerate hydration kinetics, reduce setting times, and 
LPSURYH KDQGOLQJ RI 07$OLNH PDWHULDOV 7KH
SKDVHHYROXWLRQGXULQJWKHK\GUDWLRQRIWKHVHPRGLÀHG
cements is widely studied by powder XRD analysis; 
KRZHYHUWKLVWHFKQLTXHLVOLPLWHGLQLWVDELOLW\WRSURYLGH
LQIRUPDWLRQ RQ WKH SULQFLSDO &6+ JHO SURGXFW SKDVH
RZLQJWR LWVSRRUFU\VWDOOLQLW\7KLVVWXG\KDV LQGLFWHG
that Si and 27Al MAS NMR spectroscopy would be a 
SRZHUIXO DQDO\WLFDO WRRO WR SURYLGH YDOXDEOH VWUXFWXUDO
LQIRUPDWLRQ RQ QHZ IRUPXODWLRQV RI K\GUDXOLF FDOFLXP
silicate cement-based dental restoratives, when used in 
WDQGHPZLWKWKHPRUHFRPPRQO\HPSOR\HGWHFKQLTXHV
RI)7,5VSHFWURVFRS\DQGSRZGHU;5'DQDO\VLV
CONCLUSIONS
3UR5RRW 07$ LV D SRSXODU SURSULHWDU\ URRWHQG ÀOOLQJ
PDWHULDOFRPSULVLQJDQZWPL[WXUHRI3RUWODQG
FHPHQWDQGELVPXWKR[LGHDUDGLRSDFLÀHU7KHUROHRI
ELVPXWKR[LGHZLWKLQWKLVV\VWHPLVFXUUHQWO\GLVSXWHG
This study monitors the early hydration chemistry 
RI 3UR5RRW 07$ HQGRGRQWLF FHPHQW E\ SRZGHU ;5'
DQDO\VLV 0$6 105 DQG )7,5 VSHFWURVFRSLHV DQG
LVRWKHUPDOFRQGXFWLRQFDORULPHWU\7KHÀQGLQJVRIWKLV
UHVHDUFKFRQÀUPWKDWELVPXWKR[LGHLVDQLQHUWDGGLWLYH
in this cement system which does not participate in the 
K\GUDWLRQ UHDFWLRQV 7KH VWXG\ KDV DOVR GHPRQVWUDWHG
that Si, +Si CP and 27Al MAS NMR spectroscopy is 
DYDOXDEOHWRROIRUWKHDQDO\VLVRI3RUWODQGFHPHQWEDVHG
ELRPDWHULDOV,WLVSDUWLFXODUO\XVHIXOIRUWKHVWUXFWXUDO
HOXFLGDWLRQRIWKHSULQFLSDO&6+JHOSKDVHZKLFKRZLQJ
WRLWVSRRUO\FU\VWDOOLQHQDWXUHLVGLIÀFXOWWRDQDO\]HE\
WKHPRUHFRPPRQO\HPSOR\HGSRZGHU;5'DQDO\VLV
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